Leptospirosis is one of the most widespread zoonotic diseases in the world affecting people, dogs, and other domestic and wild animals and causing renal and hepatic failure in both dogs and humans [1] [2] [3] [4] [5] . The disease is typically transmitted through direct contact of oral or nasal mucosa or broken skin with infected urine or contaminated water [3] [4] . Dogs can be at risk for infection by drinking contaminated water.
The disease has been documented as a re-emerging canine disease in the United States and has been linked to environmental, land use, and socio-economic factors including proximity to colleges or parks, percentage of wetlands, evergreen forest cover, frequently flooded areas, and poverty [6] [7] [8] [9] [10] . However, no analysis of these risk factors has been conducted on a countrywide scale. Given the increasing prevalence of canine leptospirosis there is a need for better understanding of the areas at risk and the associated environmental risk factors for the disease.
Background
Data: A total of 87,355 serological (hereafter MAT) canine leptospirosis results in the US from IDEXX Laboratories Inc. from 2000-2014 were used for analysis. MAT titers at a dilution of ≥1:800 were considered positive. Explanatory variables included climatic variables (precipitation and temperature), land cover type, ecologic, and socio-economic (median income and education level). Data were aggregated by county and percentage of total tests positive was used for analysis. Hotspots and Cluster Analysis: Spatial cluster methods were used to identify clusters of canine leptospirosis. A spatial weights matrix was used to define the spatial relationship based on distance to the nearest neighbor (31 km) and minimum number of neighbors (8) . The cluster analysis calculates the Getis-Or Gi* statistical test to identify hotspots (i.e., counties with higher proportion of positive tests for leptospirosis than expected) and coldspots (lower proportion of positive tests than expected numbers of cases). Predictive Modeling: Boosted Regression Trees: Boosted-regression trees (BRTs) were used to identify the probability of a dog testing positive for leptospirosis based on 31 selected variables for climate and precipitation, dog ownership, landscape composition, and mammal and rodent diversity. BRTs can predict patterns in complex datasets accurately and are robust to use on datasets with many interacting variables or non-linear relationships. [11] BRT analyses were conducted using the dismo package with the statistical software R (2015) while cluster analyses were calculated using ArcGIS ver. 10.2 (ESRI, 2014). [12] [13] [14] Methods This is the first comprehensive predictive risk map for canine leptospirosis in the contiguous US, accessible to both veterinarians and pet owners through a dedicated webpage https://www.zoetisus.com/conditions/dogs/leptospirosis/index.aspx. The variation in canine leptospirosis risk in specific counties and regions of the US appears to be mainly influenced by environmental (e.g., precipitation and temperature) and land use factors (e.g., residential areas with houses built on large lots).
Limitations: Due to a lack of available testing data, some areas of the contiguous US (i.e. the upper Midwest and parts of the Southeast) were poorly represented in our testing data (Figure 1 ). While the use of the of predictive methods allows us to make predictions even when data are lacking, the inclusion of data from these areas would increase predictive accuracy. Data were aggregated at the county level, which may be too large a scale for some environmental interactions. Given the complexity of our model and the number of variables included (e.g., over a dozen land cover variables), we can identify important variables but not describe the precise relationship between one variable and leptospirosis risk.
Leptospirosis is found across the United States and appears to vary across geographic and temporal space-based on seasonal as well as environmental factors, including climate and land use. Focusing on climatic and environmental risk factors allows for a more in-depth understanding of the dynamics of canine leptospirosis and allows for creation of a risk profile even in areas where data is sparse. The outputs allow individuals to identify the likelihood of getting a positive canine leptospirosis case in each county of the contiguous US. This model is thus intended to help inform veterinary diagnostics and vaccination, and identify areas for increased research and surveillance.
Discussion Results
Study Aims: to identify the spatial trends of canine leptospirosis, as well as to predict the likelihood of leptospirosis events based on environmental and socio-economic risk profiles across the contiguous United States.
Percentage of positive MAT results by county ranged from 0% to 100% over the study period (Figure 1 ). Counties with no data indicate that no MATs were submitted to IDEXX during the study period.
Cluster analyses identified hotspots of leptospirosis across the contiguous United States, primarily in the Northeast, West Coast, greater Detroit and Chicago areas, and parts of Texas ( Figure 2 ). All clusters shown are statistically significant, indicating that those areas saw more cases of leptospirosis over the 14 year period than would have been expected by chance alone. Darker red indicates higher confidence that area is a hotspot for leptospirosis. No coldspots were observed.
Predictive modeling identified the probability that MAT results in a given county would be positive. For example, a probability of 0.14 indicates that there is a 14% chance that any given MAT will be positive ( Figure 3 ). The Midwest, East and Southwest are more likely to yield positive tests for leptospirosis, although specific counties in Appalachia have some of the highest predicted probabilities (Figure 3) . The overall median predicted probability was 0.12. Eighty-four (2.7%) counties had predicted probabilities greater than 0.2. The highest predicted probability observed was 0.37 in Webster County, West Virginia and the lowest was 0.02 in Harney County, Oregon.
The model suggests that landscape and environmental factors, specifically lowdensity developed land (e.g. residential areas with houses built on large lots or areas with 20-49% of surface areas covered with impervious material), deciduous forested land, precipitation and temperature, are useful in predicting MAT test results (Table 1 ).
